A series of strontium calcium tungstates Sr1-xCaxWO4 powders with (x = 0; 0.25; 0.5; 0.75 and 1.0) were prepared by solid-state reaction method and analyzed by X-ray diffraction (XRD). All these compositions possess a tetragonal scheelite structure with I41/a space group. Raman active vibrational modes in the range from 20 to 1000 cm -1 of the series Sr1-xCaxWO4 with tetragonal structure exhibit 13 modes in arrangement with the Group theory analysis of structural Raman-active modes. The optical properties were investigated using the diffuse reflectance UV-visible absorbance spectrum. Based on Density Functional Theory (DFT) and using full Potentiallinearized Augmented Plane Wave (FP-LAPW) method with the Local Density Approximation and the Generalized Gradient Approximation (GGA), implemented in the Wien2k package, we have investigated electronic and optical properties of all the compositions. The results indicate a decrease in the values of the optical direct bandgap (from 4.29 to 3.87 eV) with the increase of Ca into SrWO4 lattice, which is in good agreement with our experimental results.
Introduction
At ambient conditions, alkaline-earth-metaltungstates AWO4 (A=Ca, Sr, Ba, Pb) with the tetragonal scheelite structure 1 , represent an essential family of inorganic wide bandgap semiconductors 2 . The divalent A 2+ and hexavalent W 6+ atoms surrounded by eight and four O 2− atoms, respectively. These materials have vast applications in various fields such as electro-optics, lasers, and amplifiers 3 due to their excellent properties as scintillating crystals. Recently, the bandgap energy (Eg) values of similar material types have been reported and it has been revealed to be susceptible to the ionic radii and the electronic configuration of alkaline-earth-metal 2, 4 . Scheelite materials drew the interest of crystal growers, material scientists and physicists due to their potential application in the optoelectronic industries.
Calcium tungstate is abundantly used phosphor in industrial and medical applications 5 .
Several synthesis techniques have been employed for the preparation of AWO4 (A= Ca, Sr, and Ba) compounds, such as electrochemical 6, 7 , hightemperature flux crystallization 8 , hydrothermalelectrochemical 9 , polymeric precursor 10 and molten salt 11 . The expensive precursors used in these methods and their high consumption of electric energy 12 make the solid-state reaction 13 used in this work an ideal choice because of its costeffectiveness 14 .
Q. Guo et al. 15 investigate the thermodynamic properties of AWO4 (A = Mg, Ca, Sr, Ba) and reported that SrWO4 is more stable thermodynamically than CaWO4. The optical properties of CaWO4 and SrWO4 were reported in refs 2, 16 using UV-vis spectroscopies technique.
Thus, in this report, we aim to explore the correlation between the variation in the chemical composition of Sr1-xCaxWO4 (0≤x≤1) scheelite material and its electronic structure properties. Consequently, the main goal is to investigate the crystal structure and optical properties using X-ray diffraction and UV-Visible measurements of the prepared Sr1-xCaxWO4 using the solid-state reaction technique. Also, calculate its electronic structure and optical properties by applying density functional theory (DFT) and using all-electron full-potential linearized augmented plane wave (FP-LAPW) method 17 .
Methods

Samples preparation
Powders of the Sr1-xCaxWO4 system with (0≤x≤1) were prepared by the solid-state reaction from stoichiometric amounts of WO3 (99.9%) with metal carbonate (BaCO3 99.98%, SrCO3 99.9%). The samples were heated in air, in alumina crucibles, at progressively higher temperatures (600°C/24h, 800°C/24 h, and 1000°C/24 h) with periodic intermediate regrinding. The chemical reaction is:
The final products of these series have been controlled by X-ray powder diffraction analysis using CuKα radiation.
XRD measurements
Diffraction data were collected at room temperature on a D2 PHASER diffractometer, with the Bragg-Brentano geometry (θ-θ), using CuKα radiation (λ = 1.5418 Å) with 30 kV and 10 mA. The XRD patterns were scanned through 2θ range 15-80° with a step size of 0.01°.
The Rietveld refinements were carried out using Fullprof program 18 integrated into Winplotr software 19 .
We initiated the observed powder XRD data with scale and background parameters and in order, other profile parameters are included. Pseudo-Voigt profile function for peak shape fitting. The position parameters and isotropic atomic displacement parameters of individual atoms were also refined after an appreciable profile matching.
Raman spectroscopy
Vibrational studies were performed using a Raman spectrometer designed and built at the Department of Earth Sciences, Uppsala University 20 . Details of Raman spectroscopy experiment procedures are found elsewhere 21 . Raman spectra have been analyzed, with the peak-fitting function in origin software 22 . A'Gauss/Lorentz' function was chosen for peak profiles, and Savitzky-Golay algorithm was used as a data smoothing method. The background intensity was subtracted before fitting, and the fitting process proceeded until minimum residuals were reached.
Optical measurements
In general Solid UV-vis spectroscopy investigation, on powder materials uses small sample quantities. In the present study, powder samples were filled into a cylindrical sample holder with a surface of 1.5 square centimeters, and 1.0 mm thickness layer. The optical absorption experiments were carried out by PerkinElmer LAMBDA™ 1050 UV/Vis/NIR spectrometer, equipped with an integrating sphere in the range of 250-1800 nm with a 1 nm interval, in order to accurately determine the optical absorption edge in near UV. The spectra were converted from reflectance to absorbance by using the computer program UV WinLab DPV which is based on solving the Kubelka-Munk function 23 . The optical band gap energy was then estimated using the onset of the absorption edge by Tauc plots 24 .
Computational Methods
We Obtained the structure file used for the theoretical calculations from Rietveld refinement of X-ray powder diffraction data obtained for all Sr1-xCaxWO4 stoichiometric compositions in our experimental study, in order to compute the optical properties presented in this work.
The band structure and density of states (DOS) calculations including optical properties are done using full-potential linearized augmented plane wave (FP-LAPW) based on density functional theory (DFT) 17 as implemented in Wien2k 25 . Moreover, the exchange-correlation potential was calculated using the generalized gradient approximation (GGA) formulated by Perdew, Burke, and Ernzerhof (PBE) 26 . The precise input of energy eigenvalues and energy eigenfunction to calculate optical properties were obtained from the band structure calculations. The charge density was Fourier expanded up to Gmax = 12(a.u. -1 ). The cutoff energy is considered to be -6 Ryd. 35 k-points in a grid of 10×10×10 has been used for reciprocal space integration in the irreducible Brillouin zone (BZ), to achieve self-consistency. In the optical properties calculations, we used 1000 Kpoints in the entire BZ. The convergence criteria for the self-consistent calculation for stability were taken to be 10 -6 Ryd. Fig. 1(A) shows the X-ray powder diffraction patterns of Sr1-xCaxWO4 . Dicvol program 27 was used for indexing of the X-ray powder diffraction patterns of all compositions. All diffraction peaks show a singlephase tetragonal structure (scheelite type) with space group I41/a. The diffraction patterns of all compositions present crystalline nature. No additional or intermediate phases were detected. Due to the smaller ionic radius of Ca 2+ (1.12 Å) compared to Sr 2+ (1.26 Å) 28 , there is a gradual increase in the shift of 2 position as substituting Sr 2+ by Ca 2+ . The lattice parameters that were refined using the complete powder diffraction data sets are listed in Table 1 . The variation of the unit cell volume in the studied composition range in Sr1-xCaxWO4 (0≤x≤1) is shown in Fig. 1(B) . As can be seen, there is a gradual decrease in the unit cell parameters as with the amount of Ca 2+ increases, consistent with the lower ionic radius of Ca 2+ (1.12 Å) compared to Sr 2+ (1.26 Å). These values for x=0 and x=1 agreed well with those reported in the literature 13, 29 . The obtained lattice parameters are also in good agreement with JCPDS card no 85-0587 for SrWO4 and 77-2237 for CaWO4. The X-ray powder patterns were fitted to the calculated ones using a full-profile analysis program 18, 19 to minimize the profile discrepancy factor Rp. For Sr1-xCaxWO4 (0≤x≤1), the refinement of the powder XRD patterns were carried out with tetragonal (I41/a) lattice with a starting model taken from Ref 30 The analysis of the refined crystallographic parameters in Sr1-xCaxWO4 (0≤x≤1) indicates that W 6+ is coordinated by four oxygen atoms in a tetrahedral configuration with a symmetry group Td. These tetrahedra were slightly distorted in matrix Sr1-xCaxWO4 lattice. As a result, this distortion in WO4tetrahedra causes changes in W-O bond length (see Table 2 ) which further modified the energy levels and enhanced structural order-disorder in the host lattice 31 . The relative distortion can be measured by calculating the relative deviation from the average bond length of the polyhedral Δpol as given by Fleet in 1976 32 :
Results and discussion
Crystal structure investigation
Where d0 is the theoretical bond length calculated from the ionic radii taken from Shannon tables 28 and di is the bond length obtained from the Rietveld refinement. The relative distortions of WO4tetrahedra in Sr1-xCaxWO4 are illustrated in Table 2 . Figure. 3. Schematic representation of Sr0.5Ca0.5WO4.
The WO4-tetrahedra are isolated from each other and connected by the summits with [Sr/CaO8] polyhedra as shown in Fig. 3 modeled by visualization for electronic and structural analysis (VESTA) program 33 . The bivalent cations (Ca/Sr) are surrounded by 8 oxygens with the same coordination number. The calcium concentrations in the solid solution Sr1-xCaxWO4 (0≤x≤1) create a difference in the electronic environment which influences the optical properties of the material 34 . Fig. 4 shows the Raman spectra recorded at room conditions. Raman spectroscopy is considered to be a powerful tool for estimating the degree of structural order-disorder at short-range in oxide materials 35, 36 . Figure. 4. Raman spectra recorded at room temperature of the scheelite oxide series Sr1-xCaxWO4 (0≤x≤1).
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Raman spectroscopy analysis
For the tetragonal scheelite structure with I41/a as space group, (Sr/Ca) and W ions occupy 4a and 4b Wyckoff sites, while the oxygen atoms occupy 16f Wyckoff sites. According to these site occupations, the mode distribution can be decomposed in terms of irreducible representations 37 of the tetragonal system as summarized below, the scheelite-type tetragonal structure exhibit 26 different Raman and infrared vibrational modes. Raman spectra for the series Sr1-xCaxWO4 are classified into two modes, external and internal modes as reported by Porto et al. for CaWO4 and SrWO4 38 The external vibration modes are related to lattice phonons (External optical modes) located at wavenumbers below than 210 cm -1 , which correspond to polyhedron Sr/CaO8 vibration in the rigid molecular units. Internal vibrational modes are related to [WO4] tetrahedral vibrations in the lattice. In the present study, the 13 expected Raman modes in the series Sr1-xCaxWO4 was detected. In Table 3 we summarized the Raman active frequencies for SrWO4, Sr0.5Ca0.5WO4, and CaWO4 as an example and the Raman motion from the refs [38] [39] [40] are given for comparison.
Optical properties: UV-visible and bandgap study
The optical absorption study is very useful as a technique to understand the basic analysis of optical behavior. Indeed, the optical band gap can be found in the following equation:
A is a constant depending on the transition probability, and m is equal to 2 for a direct gap and 1/2 for an indirect gap. To calculate the bandgap energies, we plot (αhν) Versus the incident radiation energy (hv). By extrapolating the values of the absorption coefficient α to zero, we can find the band gap values 24 .
According to the theoretical investigation below, the band structures show that the bandgap is direct for all the samples. Thus m will take 2, and the optical band gap will be found in the plot of (αhν) 2 versus (hν). 
Theoretical investigation 3.3.1. Band Structure
The bandgap can be related to a lot of factors, such as preparation method, shape (thin film or powder), particle morphology, heat treatment temperature and processing time 41 . We also believe that the calculated values of bandgap depend on the type of approximation used. So in order to determine the value and the type of bandgap in Sr1-xCaxWO4 samples.
We have calculated the band structure of such compound using the very popular and quite successful GGA approximation (see Fig. 6 ). This Figure shows that the minimum of the conduction band and the maximum of the valence band are at the same point 'Γ'. This indicates that the gap of all compositions of Sr1-xCaxWO4 is direct. 
Optical properties: Calculated absorption spectra
According to Fig. 7 the energy difference between the top of the valence band and the bottom of the conduction band corresponds to a charge transfer between the p states of oxygen O 2and the tungsten W 6+ d-states, these states explain the origin of the bandgap. Fig. 8 shows the Absorption spectra versus the energy of Sr1-xCaxWO4 (0≤x≤1) compounds with the first principle calculations. Fig. 9 shows that the direct bandgap energies derived from the calculated absorption spectra and the one measured by UV-visible much with each other. It was found that the direct band-gap energy decreases as 'Ca' content in the composition increases which means that the bandgap energy of CaWO4 is lower than one of SrWO4 which is correlated with the decreases of the lattice parameters as shown in the inset. This decrease in the lattice parameters is also accompanied by an increase in the W-O bond lengths ( Table 2) . Resulting in a lowering of the binding forces between the valence electrons of the oxygen O 2and the tungsten W 6+ . As a consequence, the band-gap energy decreases. 
Conclusion
Strontium Calcium Tungstate Sr1-xCaxWO4 (0≤x≤1) solid solution was prepared with success by solidstate reaction method. Rietveld refinements showed that the samples crystallized in a tetragonal bodycentred symmetry, space group I41/a. A decrease in the lattice parameters as a function of the increase of (x) in the lattice was observed. A variation of the atomic positions related to oxygen atoms was also observed and causes changes in Sr/Ba-O and W-O bond lengths. First-principles calculations based on FP-LAPW method with generalized gradient approximation (GGA) was used to calculate the electronic and optical properties of Sr1-xCaxWO4 insulators ( > 3 ). The theoretical and the experimental studies show that the substitution of Sr 2+ by Ca 2+ ions promote a decrease in optical direct bandgap values due to the appearance of intermediary energy levels within the bandgap which is also proportional to the decrease of the de interatomic distance between oxygen O 2and the tungsten W 6+ . 
